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INTRODUCTION 

The ability to introduce functional genes into organisms provides a powerful 
tool for dissecting complex biological processes. Gene transfer is -especially 
valuable in diploid organisms with long life cycles where classical genetic 



^G0£6-4197/«6712 r5-0465S02.D0 



465 



f ROM 3fT0MEpiCAL INFORMATION SERVICE 



(TUE) 3. 26" 02 10 : 1 9/ST. 10 : 1 7/NO. 46626413 



466 PALMITER & BRINSTER 



approaches are impractical. A variety of methods for introducing foreign 
DNA mto both somauc and germ cells of mammals have been developed ovfr 
tht last 15 years (Figure I). Of fundamental importance for . € em,-linl 
transformation was the contribution of mammalian embrvologists Z Z 
veloped techniques for removing embryos, culturing them briefly Z\2 n6 
renor^g them t0 foster mothers where normal embryogenesisS pToc^ 
(5). These techniques opened the way for combining embryonic cells from 
one animal with those of another to produce chimeric animals. They "so 
d P 2^ mea0S ° f c ^ teratocarcinoma cells, which £ 

? S ° r ^ Cmbry ° S ' iDt ° deve, °P in 8 embryos <67).^ 

mesarne tune, geneticists and virologists were developing methods for 
inducing selectable genes into tissue culture cells. ThL^dvances 

S,* 6 **r h V f t ™ SfeTTing genCS int0 te ^ocarcinoma cells and to 
mtroducing those cells into the blastocyst of developing embryos to produce 
mosaic amrnals (70). As an alternative to eel, transfer rfplacin] tL pron^dd 
of fertilized eggs with nuclei of genetically modified teratocLinoma ceH 

(28a). The ability to manipulate embryos also presented a way for infectine 

Z U^Zn T VirUSCS " ^ ° NAS - ExpenmentsVrfoled n 
Uie mid-1970s showed that infection of preimplantation embryos with murine 
fcukemia virus (MuLV) resulted in mice with the retroviral DNA intend 
into both somauc and germ cells (40). The dissection of the retroviral life 
cycle paved the way for genetically engineering these viruses to ca^ ex- 
ogenous genes; these recombinant viruses could then be used to infecYore- 
unplantauon embryos. Although each of these techniques has considerable 

developed into a routine procedure with wide application 

In contrast, a method that has been used extensively involves direct 
rmcromjection of DNA into the pronucleus. Techniques for injecting mRNA 
and then cloned genes, as they became available, were rapidly developed for 
the large amphibian eggs (29). Meanwhile, microinjection of viral orc*Hular 
genes into ussue culture cells and means of detecting their expression were 
mastered. During the late 1970s, these methods were adapted for microin^ 

l Zn^' ^ *" ™ A ' int ° m ° USe ^ (6 » 7 >- 1° »ateT98^X 
report describing transgenic mice that developed from microinjected eggs was 
published (27), and within the next few months four other g^ups^po^ 

mouse (8, 21 , 1 16, 1 7) Moreover, evidence suggested that at least some of 
the foreign genes could be expressed (8, 116, 1 1 7) and that the foreign £ enes 

TlTmZT^ T S ° matiC *»" bUt M m ** &™ K*12l . 
24 79, 98). Furthermore, offspring of transgenic founder mice often contin 

ued to express the foreign genes (79). These Tacts, along with the obse^ion 
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Figure 1 Methods of producing transgenic mice that have been devised or proposed. The most 
popular approach involves direct microinjection of a few hundred copies of linearized DNA into 
one of the pronuclei of a fertilized egg. DNA has also been injected into the cytoplasm, nuclei of 
two-cell eggs, or into the blastocoeJ cavity. Another strategy involves introducing DNA into 
totipotent teratocarcinoma cells and then mixing some of these cells with normal blastocyst cells 
to produce a chimeric mouse or using their nuclei to replace the pronuclei of fertilized eggs. 
Genetically engineered retroviruses are also being developed that carry foreign f enes and can 
infect early embryos or tissue culture cells. 

that it was possible to produce significant amounts of biologically active gene 
products that would affect the physiology of the mouse (77), sparked con- 
siderable interest in this new approach to manipulating the genome of mam- 
mals. 

Two minireviews (11, 78), as well as more extensive reviews dealing 
primarily with the more biological aspects of transgenic mouse experiments 
(12, 25, 115), have been published. In this review we focus on the molecular 
biology of DNA integration and subsequent expression of genes introduced 
into mice by the microinjection approach. We include data on -genes that are 
expressed, as well as those that are not expressed, when introduced into the 

genome of developing mice. In addition, this review attempts, by means of 

the tables, to summarize the latest information regarding tissue-specific 
gene expression, regulated gene expression, oncogenesis, and insertional 
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m a ^tajpgh nany fascinating biological problems are currently 
being tackled with the aid of germ-line transformation, we describe oS72 
examples, mainly from our own work, for illustrative Z We Z 
mention some of the more perplexing observations that £SZ£ from 
Ae study of gene expression in transgenic mice with the hope that SiTymav 

i^se - * u,timate,y ' ™* * ^ 

METHODS OF GENE TRANSFER 
Pronuclear Microinjection 

The most prevalent technique for introducing genes into the germ line is direct 
mtcromjectior .of cloned DNA into pronuclei of fertilized eggs^gthiS 
years since the first successful application of this ap^ach^urriS 
research groups have used the microinjection teehni qu rSeverJTou Sa S 
^gemc mice as well as a lew transgenic sheep, pigs, and rtSTS? 
have been produced by this method. Pronuclei rejection" con- 
ceptuaUy straightforward, although it demands special equipS Jd Z 
«d sk*, and has the additional feature that ufiLJE^'g £5" 
Techmcal aspects of the microinjection procedure and some of t^roS 
P^ter^oroptimiz^ 

If'Z I ^ mea l? A m ° leCUleS m mto ^clei, abow25% 

of Ae mice that are bom cany one or more copies of the injected DNA (9) 
These animals are generally called "transgenic," and the foreign genes are" 
often referred to as "transgenes." Because integration usuaUv 3rf ^ 
DNA replication, about 70% of the transgenic rSce carry^e b^neTfoan 

ZT' aPPareDUy ° CCUrS 3fter 0ne or mo » ^unds of repbcLn 

sho^' T "I " 0nly 3 fraCti ° n ° f ^ «*■ ™«* mS usually 
show the same degree of mosaicism in somatic and germ cells but in some 
mice the germ line is deficient (121). 6 

™ e t , mechanism ° f ^g^tion of microinjected DNA is unknown. When 
more than one copy integrates, they usually all integrate at the same chromt 
soma! I site m a tandem, head-to-tail array, although other arrangement 
^ documented (25, 34, 83) and iontophoretic techniques have been re! 

tiTfs to n ^ CC , mUltiPle ***** (55) - ^ chromosolats^f^- 
tion is probably determined randomly: foreign DNA integrates on nuuTy 

Wagner AM LeMeur, unpublished observations). There is no evidence for 

s^r^ « * a workin8 hypothesi5 fw * 

aTth^^ /T^ W *" randomly generated chromosomal breaks 
are the rate-limiting step for integration (to explain the predominance of single 
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integration sites), that the ends of the injected DNA molecules initiate integra- 
tion at these breaks (to account for the fivefold increase in integration 
efficiency with linear vs circular DNA), and that homologous recombination 
occurs among injected molecules (to explain the prevalence of tandem arrays) 
but not between the injected DNA and chromosomal sequences (possibly due 
to differences in chromatin structures between injected and chromosomal 
DNAs), Although this mechanism is plausible, evidence for it is scant. Some 
aspects of this model can be tested; for example, injecting two different 
MT-hGH (human growth hoimone) genes with nonoverlapping deletions 
yielded some instances of homologous recombination between these genes: 
intact, recombinant MT-hGH genes (some of which produced functional 
hGH) were present in the transgenic mice that developed (81). Cloning the 
junction fragments between the transgenes and chromosomal DNA will also 
provide clues about the events that occur during integration. Although only a 
few junctions have been characterized so far (see section on insertional 
mutagenesis), deletions, duplications, and translocations of chromosomal 
sequences can clearly occur at the site of integration, and some junctions 
contain short novel DNA sequences found neither in the injected DNA nor in 
the vicinity of die integration site. These findings are reminiscent of observa- 
tions made by studying breakpoints in naturally occurring chromosomal 
translocations (20), suggesting that similar mechanisms may operate during 
integration of foreign DNA. Indeed, a chromosomal translocation was recent- 
ly reported in a transgenic mouse injected with an RSV-CAT construct 
(74). 

In general, the foreign DNA is stably transmitted for many generations with 
no evidence of rearrangement. However, a few examples have been reported 
in which transgenes were either rearranged, partially deleted, or amplified 
(10, 79, 83, 94). In nonmammalian species, DNA injected into eggs can be 
replicated extrachromosomaUy (68, 90, 99). This replication is apparently 
rare in mammals (18, 122), although retention of extrachromosomal plasmid 
sequences has been reported in one transgenic mouse (27). Experiments with 
bovine papilloma virus, which normally replicates extrachromosomaUy, indi- 
cate that it integrates into the chromosomes of transgenic mice, but in- 
terestingly, extrachromosomal replication is evident in skin tumors that devel- 
op in these mice (52a). In another study, some unintegrated copies of bovine 
papilloma virus DNA were detected in total fetal DNA derived from microin- 
jected eggs (our unpublished observations). 

Other Approaches for Introducing DNA into the Germ Line 

In addition to microinjection of pronuclei, foreign DNA has been in- 
corporated into the genome of mice by microinjection of DNA into die 
cytoplasm (9, 36), into the nuclei of two-cell embryos (9), and into the 
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blastocoel cavity (42). There is no clear advantage to any of these alternate 
routes of injection for making transgenic mice because the efficiency is lower 
and mosaicism becomes prevalent when DNA is injected at later stages of 
development. 

Infection of preiraplantation embryos with natural or genetically engineered 
retroviruses has been successful (40, 44,-1 11),. and-this technique is currently 
receiving considerable attention because it offers some useful advantages over 
microinjection for certain applications. Its principal advantages are: (a) the 

embry ° S (eight - CeU erabr * os from which I* *»» 
peUucda has been removed are placed in a tissue culture dish with fibroblasts 

piecing the virus to allow infection, then they are transferred to foster 

mothers for continued development) and (b) the viral integration mechanism 

allows single copies of the retroviral DNA to insert into the chromosome such 

that genes cloned into these vectors are flanked by the retroviral long terminal 

repeats after integration. Its disadvantages are: (a) the added steps required to 

r ^xJT 0 ™ 5 Canying (he gene of interest ' <*) to size limit of the 
foreign DNA insert and constraints due to splicing and termination signals 
that may he within the DNA of interest, (c) the mosaicism of the founder 
animals that results because infection occurs after cell division begins, which 
necessitates outbreeding to establish pure lines suitable for analysis of gene 
expression, and (d) the possible interference of retroviral DNA sequences 
with expression of genes that it carries. Although some foreign genes have 
now been expressed in transgenic mice produced by this method (44 111) 
whether tissue-specific enhancers can be expressed appropriately when flank- 
ed by retroviral LTRs is still unclear. Thus, although very promising for some 
applications, the general utility of this method is not yet established 

Another method of introducing genes into the germ line involves introduc- 
ing DNA into totipotent teratocarcinoma cells or, more recently, into 
embryonic stem cells (3a),_and then incorporating these cells into the blasto- 

lT?f \ 11 ? mg embiy ° S ° r a ^ e 8 atin g me m with eight-cell embryos (58, 
1 14; M. Evans, unpublished observations). The attractive feature of this 
approach is that one could introduce the foreign DNA into cultured xttlls by 
any desired means and then select or screen the cells for desirable characteris- 
tics prior to manipulating them into an embryo. A variation on this theme 
involves replacing the pronuclei of a fertilized egg with the nucleus from an 
embryonic stem cell. Although an attractive idea, current evidence suggests 
diat only nuclei from very early mouse.embryos are capable of supporting 
development (65); therefore,- the -feasibility of this approaches dubious. In 
addition, these methods are limited by the inability to select for appropriate 
expression of many interesting genes in cell culture, as well as by the 
dimculry in maintaining the normal diploid complement of chromosomes 
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GENE EXPRESSION 

One of the most important features of gene transfer into mammals is that 
most, but not all, of the genes examined are appropriately expressed. Table 1 
summarizes the results obtained with a variety of natural genes, some of 
which have been marked to discriminate their expression from endogenous 
genes. Table 2 summarizes results obtained with hybrid genes .in which the 
regulatory elements of one gene are fused to the structural elements of another 

Tissue-Specific Gene Expression 

Animal development depends upon differential expression of many genes in 
various cells that make up that organism. Some genes are expressed ex- 
clusively in one cell type, others are expressed in only a few cell types, and 
some are expressed in most cells. Genes from each of these categories have 
been appropriately expressed when introduced into mice. The usual strategy 
for studying the structural requirements for tissue-specific gene expression in 
transgenic animals involves injecting DNA containing the gene of interest and 
assaying various tissues for specific rriRNA or protein. In order to dis- 
criminate the products of the injected gene from those of the endogenous 
counterpart, the injected gene must be marked in some way. For example, the 
gene may be from a different species, it may be a "minigene" with some 
exons deleted, or it may be modified by inserting or deleting a few nucleo- 
tides. Another strategy is to construct hybrid genes in which the control 
elements of the gene of interest are used to direct the expression of a 
"reporter" gene. Reporter genes might code for an easily assayable enzyme 
not normally found in the mouse, a hormone that has a pronounced physiolog- 
ical effect, a polypeptide that is easily identified immunologically, or an 
oncogene that could lead to a tumor of the cell type in which it is expressed. 

GENES EXPRESSED PREDOMINANTLY IN ONE CELL TYPE A number of 

genes normally expressed only in one cell type have been studied. The first 
examples of tissue-specific expression were obtained with an immunoglobulin 
k gene (13, 102) and an elastase-I gene (107); subsequently, several globin 
genes, myosin light-chain-2, or-actin, a-crystallin, insulin, and several other 
genes have been expressed in a tissue-specific manner (see Tables 1 and 2). 
Transgenic mice have been produced in which each of these genes is ex- 
pressed predominantly, if not.ejcclusively , in cells where the endogenous gene 
is also expressed. As a general conclusion, it appears that if a tissue-specific 
gene is expressed at all, then it is expressed appropriately, despite the fact that 
it is integrated at a different chromosomal location. This finding implies that 
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Table 1 Expression of natural genes microinjected into mouse eggs 
Gene* 



a-Actin 
a-Actin 

Amylase-2.2 (cosmid) 

Amylase-2.2. (minigene) 

a J (II) CoUageo 

Ea, MHC class II 

Ea. MHC class II 

Ea, MHC class II 

Ea, MHC class D 

E1A, ElB f 

Elastase-1 

a-Fetoprotein 

a-Fetoprotein 

£-GIobin 

0-GIobin 

0-Globin 

0-Globin 

0-Globin 

0-Globin 

0-Globin 

jB-Globin 

/3-Globin 

0-GIobin 

5-0 Globin 

c-GIobin 

7°-Globin 

y^Globin 

y A +y , -Globin 

al,a2-Globin (14 kb) 

al-GIobin (10.4 kb) 

a 1 Globin (10.4 kb) 

a 1 -Globin (cosmid) 

Gonadotropin (a-subunit) 

Growth hormone 

Growth hormone 

Growth hormone 

Hepatitis surface antigen 

Hepatitis surface antigen 

Immunoglobulin #c (14 kb) 

Immunoglobulin #c (4.S kb) 

Immunoglobulin fi 

Immunoglobulin /4yl) 

Immunoglobulin /i+k 

Immunoglobulin /i+#c 

Insulin 

Insulin 
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TaWe 1 (cont.) 



Gene* 
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This tabic : includes genes microinjecied into mouse eggs in which the promoter and enhancer remain 
associated with the structural gene; however, the structural genes may be modified to facilitate their detection 
Abbreviations: -Sp, species: c. chicken; d, Drosophila; h, human; m. mouse; p. pig; r. rat; rb, rabbit; b 
b^«enal;v. vual; Ad 12, adenovirus 12; HBV, hepatitis B virus; HSV, herpes simplex virus, type 1 . Ttesues' 
to brain; B lymphocytes; 0, pancreatic 0-cclls; cp. choroid plexus; he. cardiac muscle; ery. erythroid cells- ki 
kidney; li, liver, lu. lung; mu, skeletal muscle; pa, exocrine pancreas; ph. pituitary; te. testis- th thymus'- t' 
thymocytes; ys, yolk sac. 7 ' ' 

^published observations from: (a) L. Treisman. M. Rosenberg. S. Keller & M. Meisler. fb) R Lovell- 
Badje; (c) ours;(d)F. Costantini; (e) C. Lo; (0 S. Rusconi; (g) N. Fox. L. Hwang & D. Solter, (b) O.' DiU- (i) 
C.^Babinet; (j) R. Jaemsch & A. Berns; (k) M. Shani. 

a — , all plasmid vector sequences removed prior to injection. 

JNone of the four mice (2 females, 2 males) transmitted the transgene to offspring. 

"Note that genes that are oncogenic are listed in Table 4 and not included here. 

trans-acting proteins involved in establishing tissue-specific expression are 
capable of finding their cognate sequences and activating transcription at most 
chromosomal locations. However, the level of expression of a particular gene 
varies widely from one founder animal to another (17, 72, 107, 109), 
suggesting that chromosomal position can influence accessibility of the genes 
to transcription factors. Moreover, usually a few transgenic mice produced 
with any construct do not express the gene at all, which may be due to its 
integration into heterochromatin domains. The quantitative analysis of trans- 
gene expression is complicated because multiple copies of the genes are 
usually integrated in a tandem array, and no means exists of determining how 
many of these genes are functional templates for transcription. The poor 
correlation between gene copy number and expression (17, 72, 107, 109) 
suggests that only a few of the genes are expressed or that the entire array is 
very sensitive to chromosomal position. Nevertheless, for several different 
transgenes, the level of expression in some mice approaches or exceeds that of 
the endogenous genes, which indicates that optimal expression probably-does 
not depend upon the normal chromosomal position. Another tentative conclu- 
sion is that the signals for tissue-specific expression, and their recognition 
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Table 2 Expression of hybrid genes in transgenic mice 



Gene 

(promoter/structural)* 
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ND/23 




— 


5/21 


var 


— 


2/17 


var 


— 


2/6 


var 




U/ / 


(li) 


pUC 


2/5 


li 


— 


4/8 


var 


— 


2/7 


te, pa 


pBR 


1/2 


te 


pBR 


1/3 


te 


pBR 


1/1 


te/br 


pBR 


2/5 


var 


pBR 


0/3 




— 


12/19 


var 


— 


4/9 


li 


A 


0/3 




pBR 


7/8 


var 


pBR 


0/7 




pBR 


13/13 


var 




1/12 


var 




3/7 ; 


var 


pBR 


0/5 




pBR 


5/9 


var 


pBR 


2/3 


var 


pBR 


474 


pa 


pBR 


ND/9 



Comments'* 



Ref." 



growth (high) 
growth (high) 
growth (high) 
growth (very low) 
growth (high) 



no effect (high) 
no tumors 
no effect 



spermatogenesis' 
(very low mRNA) 
(high in brain) 
no rumors 
no effect (mod- 
erate) 
no effect (low) 
high serum protein 



growth thigh) 



growth 

no growth (Table 
3) 



growth 

growth (very low) 
growth (moderate) 



(low) 

G418 r cells 
no tumors 



(77) 
(82) 
(30) 
00 
(31) 
00 
(0 
(81) 
(h) 
(59) 
(h) 
(h) 
(h) 
(h) 
(d) 
(79) 
(103) 
(1) 

(b) 
(h) 
(19) 
(n) 

(g) 

(30) 

0>) 

(b) 

(b) 

(b) 

(b) 

(b) 

(a) 

(b) 
(f) 

(48. 120) 

(<0 

<c) 

(h) 

(h) 

(g) 
(74) 

(87) 

■<b) 
(b) 
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Table 2 (cont.)_ 



Gene 

(promoter/structural)" 


Vector 


Expression 


Tissues 


Coraracnts b 


Ref. c 


rBastase-l/vSrc* 




lNJJ/14 




ff1/\ fllffVWVK 

HO UUD0F5 


W 


rElastase-l/hGH 


pBR 


8/11 


pa 


no growui vvery 












nignj 


(72, 73) 


rElastase-l/hGH 


~~ 


Oil A 

8/10 


pa 


no growtn (very 












mgnj \ i ■ 




mAIbumin/hGH (12 kb) 




16/16 


11 


growth (very high) 


w 


mAltwmiiv vno s Ag 




o/o 


i; 


LBOQCTalC bcTUlu 












piULCUJ 


\U7 


thai Dunuiv nr actoriA 










I"/ 


mAJDumin/tuor-i 






11 


yyay iowj 


W 


mAIbumiri/hLDL receptor 





9/12 


li 


(very low) 


(h) 


mTransfenin/hGH 




11/11 


li 


growth (very high) 


(h) 


hGRF/mNGF 




?/10 


nd 




(i) 


maA^rystallin/bCAT 




2/2 


lens 




(75. 120) 


m/^Globin/bGalK 


pBR 


0/2 






(39) 


znlgH-eTtyrb^-Globlo 


pBR 


3/3 


sp 




W) 


mIgH-mIg*c/rb^-gJobin 


pBR 


4/5 


«P 




(d) 


raAmylase-l"P/vSV40 T-Ag* 




1/2 


ut,br,sp,ki 




(e) 



•This table includes hybrid genes that have been tested by microinjection into mouse eggs. These genes have the promoter/ 
enhancer of one gene fused to the structural region of another gene; The slash (/) separates the two elements. The species is 
indicated by a lower case letter (same as in Table 1) before the abbreviation of the gene. The gene abbreviations are: Ad2, 
adenovirus 2; CAT, choranir^henkoJ acetyl-transferase; Factor EX, blood clotting factor, GH, growth hormone; GRF, growtb- 
bormonc releasing factor, Gal, galactosidase; GalK, galactose kinase; HBsAg, hepatitis B surface antigen; HPRT, hypoxanihine 
phosphoribosyl transferase; IGF, insulinlike jrowth factor; Ig, immunoglobulin; LOL, low-density lipoprotein; LTR, long 
terminal repeat; MHC, major histocompatibility complex; MT, metallothionein-1; Neo, neomycin phosphotransferase; NGF, 
nerve growth factor, PL, placental lactogen; POMC. prwroionidarwcortin; RSV, Rous sarcoma virus; SAA, serum amyloid; 
SV40, simian virus 40, TGF, tumor growth factor, Tf, transferrin. 

b The relative level of expression is denoted in parentheses in some cases. 

Unpublished observations from: (a) R. Seamark; (b) U. Ructher; (c) C. Babinet; (d) M. LcMeur, (e) N. Fox, L. Hwang & D. 
Solter, (f) S. Ross; (g) C. Cremisi & C. Babinet {EMBOJ., In press); (b) R. D. Palmiter & R. L. Brinster (i) H. van dcr Putten, 
F. Botteri & R. Evans. 

*The frequency of expression (the number of transgenic mke that express the tnnsgene/total number of transgenic mice 
produced). In some cases the expression has not yet been determined (ND). 

Tissues where expression was detected. Abbreviations are: br, brain; ki, kidney; li, liver, mg. rnainmary gland; pa, pancreas; 
sp t spleen; te, testis; ut, uterus; var, various tissues. (Tissues in parentheses indicate where expression was examined when there 
was no expression). 

'Defects in spermatogenesis. 

■Note that the oncogenic gene constructs are included in Table 4, and they are not duplicated here. 

appear to be evolutionarily conserved between mammals because no species 
specificity has been documented. For example, many human genes have been 
expressed in transgenic mice (see Tables 1 and 2). 

genes expressed: in > sextral cell types - Genes normally expressed in, 
several cell types have also been tested in transgenic mice. For example, the 

immunoglobulin heavy-chain -genes directs the synthesis of "sterile" tran- 
scripts in both B- and T-cells prior to rearrangement (28). The a-fetoprotcin 
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(AFP) gene -is induced in yolk sac, fetal liver, and gastrointestinal cells; 
subsequently, its expression declines in all of these cell types (51, 52). The 
transferrin gene, which is expressed predominantly in liver, testis (Sertoli 
cells), and brain, is another example of a gene whose expression is restricted 
to just a few cell types (66). Each of these genes has been expressed in 
appropriate cells of transgenic mice. One might expect that localizing the 
enhancers for these genes might be more complex than for those expressed in 
- only one cell type. Indeed, the enhancers of the AFP gene appear to be spread 
out over a region extending 7-kb 5' of the gene (52). Similarly, a major 
enhancer element for the albumin gene lies 9-12 kb upstream of the promoter 
(our unpublished observations). 

genes expressed in many cell types Genes transcribed from metal- 
lothionein (MT), collagen, and various viral promoters fall into this category. 
The endogenous mouse MT-I gene is expressed in virtually all cells, although 
at markedly different levels; furthermore, the responsiveness of this gene to 
the multitude of inducers (glucocorticoids, metals, inflammatory signals, 
interferon) varies among tissues (76). One might expect that expression of an 
MT fusion gene in transgenic mice would parallel that of the endogenous gene 
as long as all of the essential a'j-acting regulatory elements were present. 
However, this expectation is not fully realized (82). Generally, expression of 
MT fusion genes is high in liver, intestine, kidney, heart, pancreas, and testis, 
but their level of expression varies widely among tissues and among founder 
animals. Furthermore, occasionally mice show unusually distorted expression 
relative to that of the endogenous MT-I gene; for example, very high expres- 
sion in kidney or pancreas with virtually none in liver (82; our unpublished 
observations). Whether the normal tissue distribution of MT-I gene expres- 
sion is a consequence of the various inducible elements (such as the metal 
regulatory elements) or whether an enhancer acts independently of these 
elements is unclear (76). The variable expression among mice and among 
tissues suggests that the MT-I promoter is very sensitive to chromosomal 
context. With an absolutely tissue-specific enhancer, the chromosomal con- 
text can only influence the level of expression in one cell type, whereas with a 
promoter/enhancer that functions in many different cell types, the chromo- 
somal influence could vary in different cell types, and from one founder 
animal to another, depending upon the site of integration. 

. enhancer localization The cw-acting DNA elements responsible for 
tissue-specific gene expression can be effectively localized by the use of 
transgenic mice. In fact, for genes expressed in cells without tissue culture 
Counterparts, production of transgenic animals is the only current means of 
localizing the control elements. It is also the only means of demonstrating that 
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an element specifies expression exclusively in the appropriate cell type and 
that an element allows correct developmental expression. Examples where the 
tissue-specific control elements (enhancers) lie just upstream of the promoter, 
many kilobases upstream from the promoter, or within the genes they regulate 
- . have been described. In some cases the promoter also behaves in a tissue- 
specific manner. 

If the level of expression of a transgene in some of the transgenic animals 
approximates that of the endogenous gene, then all of the essential cis-actirig" 
elements are probably present; if not, then some important elements may have 
been deleted or destroyed in preparation of the construct or chromosomal 
position may be very important for that gene. Once normal expression is 
achieved, then mutational strategies can be devised to locate the cis-acting 
elements important for tissue-specific expression. This approach can be 
straightforward for delineating a single element, but can be very tricky (and 
tedious) with multiple elements that act in either a redundant or a cooperative 
manner. This strategy can also be problematical if the element (or elements) 
lie within the gene of interest, as the deletions may affect the transcripts being 
analyzed. Other useful clues to the location of important elements can be 
derived from DNA-sequence comparisons of related genes from different 
organisms or of different genes expressed coordinately in a tissue-specific 
manner. The location of DNase I-bypersensitive sites also provides a useful 
guide to enhancer localization. Formal proof that a tissue-specific enhancer 
element has been identified involves showing that it, or a synthetic derivative 
of it, can appropriately control a heterologous promoter, regardless of orienta- 
tion (92). 

As an example of how a relatively simple tissue-specific element was 
elucidated, we summarize our studies on the rat elastase-I gene. This gene 
codes for a serine protease expressed predominantly in the exocrine pancreas, 
where about 10,000 mRNA molecules accumulate per cell (61). When a DNA 
fragment containing the entire rat gene and 7.2 kb of the 5' flanking sequence 
was tested in transgenic mice, many of the mice expressed 10,000-120,000 
elastase mRNA molecules per pancreatic acinar cell (107). Deletions that 
removed all but 205 bp of the 5 1 flanking sequence were also expressed in a 
pancreas-specific manner t (72), Jhis 205 bp of the 5 ^flanking sequence was 
also able to direct the expression of hGH exclusively to the acinar cells of the 
pancreas, as demonstrated by mRNA quantitation and by detection of hGH 
with fluorescent antibodies (72, 73). Furthermore, none of the mice grew 
larger than normal, indicating that no cells capable of secreting hGH into the 
bloodstream synthesized significant amounts of hGH. Deletions that left only 
72 bp of the 5' flanking sequence were inactive. This finding implies that the 
DNA sequence located between -205 and -72 is necessary for the tissue- 
specific expression of the elastase-I gene. This sequence has all the properties 
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of a tissue-specific enhance element: it also functions when moved 3-kb 
upstream of its normal location or when inserted into an intron, and it can also 
activate heterologous promoters appropriately. The sequence within this re- 
gion is homologous to sequences in other serine protease genes (such as 
chymotrypsin) also expressed in the exocrine pancreas and shown by cell 
t^sfecfton assays to promote expression specifically in a pancreatic acinar 
ceU line (61). Furthermore, a DNase I-hypersensitive site maps to this region 
of the elastase-hGH gene (73). These, experiments- strongly suggest that this " 
133-bp region contains all of the information necessary to direct the normal 
level of expression of an associated structural gene exclusively to the acinar 
cells of the pancreas. 

DEVELOPMENTAL expression Where it has been analyzed, expression of 
transgenes appears to be activated at the appropriate developmental time, i.e. 
coordmately with the endogenous genes. This finding has been documented 
for human /^globui genes (62, 109), AFP (52), a-actin (94), elastase-hGH 
(our unpublished observations), aA-crystallin (75), a 2(I)-collagen (48), and 
murine immunoglobulin genes (101, 118, 125). These results are most easily 
explained by the developmental timing of the appearance of functional trans- 
acting proteins that recognize the associated tissue-specific enhancer elements 
of the transgenes. According to this view, developmental timing and tissue- 
specrfic expression are controlled by the same elements. However, enhancers 
may be required only to establish tissue-specific expression. Data obtained 
from certain B-cell variants suggest that the immunoglobulin enhancers may 
not be necessary for maintaining tissue-specific gene expression (49 112) 
Curious y, human fetal y G -globin genes are expressed early in embryo 
genesis, along with embryonic murine globin genes (16; our unpublished 
observations). These data suggest that the enhancer element (or elements) of 
the human fetal globin genes evolved from the same primordial gene that save 
rise to murine embryonic globin genes, and that the transacting proteins 
continue to recognize similar DNA signals (16). 

Modulation of Gene Expression 

The rate of transcription of some genes can be modulated by environmental 
signals. This type of transcriptional regulation is also mediated by cw-acting 
elements that are frequently reiterated several times in the promoter region 
Examples of well-characterized elements are those involved in glucocorticoid 
hormone action and in regulation by heavy metals (76, 84, 104) In the case of 
glucocorticoids, both the m-acting elements and the trans-acting regulator 
protein (the glucocorticoid hormone receptor) have been identified, and their 
interaction has been extensively studied in vitro (84, 123a). Most of the other 
environmental signals probably act in a similar manner, -by either directly or~ 
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indirectly activating a DNA-binding protein that acts as a positive transcrip- 
tion factor when it is bound near the promoter. Table 3 lists those genes that 
respond to environmental signals after being introduced into the germ line of 
mice. In most cases it appears that if a transgene is expressed, then it is likely 
to respond to environmental signals in a manner analogous to that of the 
endogenous gene, as long as the m-acting elements are included in the 
construct. The only notable exception is the mouse MT-I promoter, which 
does not respond to glucocorticoids even though the endogenous gene re- 
sponds well (64). 

Unusual Aspects of Gene Expression in Transgenic Mice 

inappropriate expression Occasionally transgenes are expressed in in- 
appropriate tissues; however, when this occurs the level of expression is 
usually very low. For example, in early experiments a low level of /3-globin 
gene expression (less than 10 molecules of mRNA per cell) was observed in 
muscle of one mouse and testis of another (S3), and none was observed in 
erythroid cells. Similarly, rat a-actin was expressed infrequently and in 
inappropriate tissues when plasmid vector sequences were included (94). A 
low level of rat elastase-I mRNA was detected in inappropriate tissues of 
some mice, but in this case a very high level expression (K^-lOMbld higher) 
usually occurred in the appropriate tissue (61, 107). Inappropriate expression 
might be due to integration near endogenous enhancers, whereas lack of 
expression in appropriate tissues may be due to prokaryotic vector sequences 
(see below). 

Another example of aberrant expression involves the chicken transferrin 
gene, which is expressed in kidney, where the endogenous mouse transferrin 
mRNA is barely detectable (32). Perhaps in this case the tissue-specific 
signals have evolved differently in chickens and mice; this may contribute to 
the inappropriate expression of transferrin gene in the kidney of the mouse. In 
general, it is our impression that gene expression in transgenic mice resembles 
the endogenous counterpart much more closely than does that observed after 
gene transfer into tissue culture cells. Transient assays in tissue culture cells 
have been extremely useful for localizing tissue-specific enhancers; however, 
in most cases the level of expression in inappropriate cell types is quite high, 
in the range of 1 to 10% of that in the appropriate cell type. 

low frequency of expb£SSION While it is clear that many genes can be 
expressed in transgenic mice in a reasonably normal manner, some genes are 
not expressed or are expressed with very low frequency. Some of our best- 
documented cases of oonexpression are those that used metallothionein fusion 
genes. Many transgenic mice were generated carrying the mouse MT-I 
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Table 3 Modulation of gene expression in transgenic mice 



Transgene" 



Inducer 



Tissue 



Induction 
(fold) 



Reference 



mMT-I/TK 

mMT-VTK' 

mMT-I/hGH 

hMT-IIA/bGH 

SAA-2/hGH 

MMTV/TK 

MMTV/TK 

MMTV/TK 

Transferrin 

Insulin 

Insulin 

H2-Ea 

Amylase -2. 2 



Cadmium 

•^U>S b " r 
Zinc 

Dexamethasone 
LPS b 

Dexamethasone 

Dexamethasone 

Androgen 

Estrogen 

Glucose 

Amino acids 

y-interferon 

Streptozotocin 



Liver 
Iliver 
Liver 
Liver 
Liver 
Testes 

Mammary gland 

Testes 

Liver 

P cells 

P cells 

Macrophage 

Pancreas 



10-50 
: 5-200 
3-100 

3-6 
-100 
2-10 

2-3 

2-3 

~2 
2-20 
-20 
5-100 
- 20 (inhibition) 



(79) . 

(22) 

(82) 

(30) 

(c) 

(87. d) 
<d) 
(d) 
(32) 

(14, 91a) 
(91a) 
(54, 85) 
(O 



n^^ 081 ***** m0USe metalJothioncin - 1 P^oter; hMT-IIA, human meullothioneiD-UA pro- 
Sr^^' ~ T^.T 01 ^ ,0n * terminaI SAA-2, serum amyloid-2; TK 

^^pJS~ gC " ; hUm - gr ° Wth h ~ H2-E., mLe ciaTri 

"LPS, lipopolysaccharidc (bacterial endotoxin) 

» ?b S L P ? , 2i:: e,,hoff • R Bcringei & r l Brinster - un P ubiished n ° — <* 

^C. Zana, R. Hammer, H. Chen, K. Yarnamoio & R. L. Brinster. unpublished data 
Treisman. M. Rosenberg, S. Keller & M. Meislcr, unpublished data. 



promoter fused to 0-galactosidase, human factor IX, or rat a-tumor growth 
factor (see Table 2), but in none of them could expression be detected in the 
liver. In each of these cases the gene construct was functional when in- 
troduced into tissue culture cells (our unpublished observations). In fact, the 
MT-0-galactosidase construct is very active when rnicroinjected into fertil- 
ized eggs, and this activity persists for several days of development (105; R. 
Pedersen, unpublished observations). Thus, the lack of expression of these 
genes in adult liver suggests that something occurs during development 
rendering them incapable of being expressed. For other constructs, the fre- 
quency of expression is much lower than the 70% we usually observe For 
example, the frequency of MT-hepatitis B surface-antigen gene expression is 
very low (19). In this case, substitution of the mouse albumin promoter/ 
enhancer for the mouse MT-1 sequences allows a normal frequency of expres- 
sion of the hepatitis B" surface-antigen gene (see Table 2). 

Prokaryotic vector sequences are inhibitory for some genes. For human 
0-globio, the presence of plasmid or A phage vector sequences severely 
inhibits both the level and the frequency of expression (109); plasmid se- 
quences also inhibit MT-hGH, a-actin, and AFP gene expression (30, 52, 
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94). The human a-globin gene has been difficult to express in transgenic 
mice. Even in the absence of plasmid sequences, a 14-kb fragment containing 
both a-globin genes was not expressed in any of 12 founder mice. This result 
was particularly surprising considering that a-globin genes are expressed 
without the aid of exogenous enhancers when transfected into a variety of 
nonerythroid cell lines. However, three transgenic mice carrying a murine 
cosmid spanning the a-globin locus did express the marked a-globin gene 
(88; S. Rusconi, unpublished observation). This observation suggests that 
either a larger piece of DNA is essential for expression or the human a-globin 
gene is expressed in a species-specific manner. 

With a sensitive assay, one can observe the activity of genes expressed in 
only a few cells. For example, we have been unable to demonstrate expres- 
sion of rat, bovine, or human growth hormone genes in the pituitary when 
they are transcribed from their own promoters. However, fusion of a bovine 
GH promoter to SV40 T-antigen gene results in pituitary tumors in transgenic 
mice (our unpublished observations). The use of a transforming gene is an 
exquisitely sensitive assay because expression of it in a single cell may be 
sufficient to promote tumorigenesis. 

The lack of expression of some constructs may be due to cu-acting 
"silencer" sequences. In this context, silencers are broadly defined as DNA 
sequences that prevent expression; they are thought to be the negative coun- 
terpart of enhancers (4). Silencers may be either physiologically relevant or 
fortuitous. To explain the lack of expression of some genes in transgenic 
mice, but not in transfected cell cultures, we hypothesize that these silencer 
sequences are recognized by proteins present (or functional) only during 
development. Silencers might be sites for covalent modification (e.g. 
methylation), they might initiate condensation into an inactive chromatin 
conformation, or they might phase nuclepsomes in an inappropriate manner. 
Perhaps in their normal context they interact with other elements, but in 
fusion genes they may be separated from their normal counterparts. Alterna- 
tively, expression of some genes may require the presence of certain se- 
quences (e.g. topoisomerase-binding sites, nuclear matrix-attachment sites, 
or origins of replication) inadvertently excluded from those constructs not 
expressed. 

We demonstrated cw-acting, inhibitory influences by combining a gene not 
expressed well with a gene expressed well on the same plasmid. For example, 
experiments with MT-src suggested that this gene was not expressed well, so 
various regions of the src construct were juxtaposed to an MT-hGH gene, and 
these constructs were microinjected into eggs and assayed in fetal livers of 
founder mice. When the entire v-src gene and 3' flanking region was in- 
cluded, the level and frequency of expression of MT-hGH was severely 
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inhibited. Analysis of deletion mutants indicated that a region 3 1 of the v-src 
structural gene was responsible for the inhibition <our unpublished observa- 
ti ns). This approach should allow the identification of silencer sequences. 

low-level expression When testing many different structural genes 
fused to the same promoter/enhancer, one obtains markedly different levels of 
mRNA. For example, with the elastase promoter/enhancer fused to hGH, the 
average level of mRNA is about 10,000 molecules per cell. However, when 
the same promoter/enhancer is fused to genes coding for neomycin phospho- 
transferase, SV40 T-antigen, c-Ha-ras, or c-myc, the amount of mRNA 
produced is usually less than 100 molecules per cell (our unpublished 
observations). Of course, mRNA abundance is a function of the rate of 
synthesis and the rate of degradation, and both rates could vary from one 
construct to another. However, the differences are so great that we suspect 
that they are not caused by changes in mRNA stability alone. Thus, these 
results suggest that different structural genes influence the rate of transcription 
in an unsuspected way. The same phenomenon is observed when the mouse 
MT-I promoter is fused to different structural genes. With growth hormone, 
the levels of mRNA are high (thousands of molecules per cell) and compara- 
ble to MT mRNA levels, but when fused to a thymidine kinase (TK) gene, 
mRNA levels are very low. In this case we showed by nuclear "run-on" assay 
that the rate of transcription of the MT-TK fusion gene was less than 5 percent 
of the endogenous MT-I genes (83). ~ 

Gene expression in tissues from transgenic animals is sometimes lower than 
that expected based on transfection experiments in tissue culture. As an 
example, in transfection studies into baby hamster kidney cells, the SV40 and 
TK gene promoters are comparable to the MT-I promoter (uninduced). 
However, in transgenic mice, these promoters appear to be very weak. When 
the TK gene with its own promoter was introduced into mice, the viral TK 
enzyme activity was barely detectable (116). Likewise, a TK-hGH gene was 
expressed at low frequency, and very little mRNA could be detected (see 
Table 2). Although the SV40 T-antigen gene with its own promoter/enhancer 
clearly functions in mice by causing choroid plexus tumors (see below), the 
level of these transcripts is surprisingly low (10). These arguments suggest 
that the relative activity of various promoters observed in tissue culture is not 
necessarily manifested in transgenic mice. 

variable expression in offspring Two types of variability are 
observed in offspring of transgenic mice: variability relative to the parent and 
variation among different offspring. In founder transgenic mice that are 
mosaic, one expects to observe higher levels of expression in the offspring 
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than in the parent, and this increase usually corresponds to that expected 
based on the germ-line transmission frequency <61 , 66, 73, our unpublished 
j observations). In subsequent generations of these mice, expression is stable. 

Variability among offspring is a more perplexing problem. We initially 
j t observed this type of variability in all lines of mice expressing MT-TK fusion 

^enes.'TK activity varied drastically from ond"^ this 
variability persisted through several generations with no obvious trend (i.e. a 
low expressor could" give rise to off^^ lower expression 

levels, and vice versa). The extreme case was cessation of activity in 
offspring; when this was observed, expression never reappeared in subsequent 
; generations (79). The same phenomenon has been observed with transgenic 

I mice bearing MT-hepatitis B surface-antigen genes (19). Initially, we consid- 

j ered the possibilities that this variability might be due to different numbers of 

, genes being expressed in the large tandem arrays carried by some of these 

mice or to effects of modifier genes that could be segregating as a result of 
using C57 x SJL hybrid parents. However, even in inbred mice with only two 
copies of the MT-TK gene, the level of expression varies widely among 
offspring. We also considered the possibility of variable methylation, but in 
one line with only two copies of the MT-TK gene, no detectable methylation 
| occurred at any of the methylation-sensitive, restriction enzyme sites tested 

(including Hpall, Hhal, Smal, and Sstll), yet the activity varied 100-fold 
(83). Perhaps some genes are very sensitive to nucleosome phasing, and 
during meiosis (or very early in development) the chromatin configuration 
| might be "reset" in a way that would be inherited. Alternatively, different 

degrees of mosaic expression may be involved. If, for example, these MT 
; fusion genes were in chromosomal locations where their activation or com- 

mitment was variable, then the number of cells that actually express the gene 
might vary from mouse to mouse. Indeed, this type of mosaic expression 
(based on immunofluorescence of the transgene product) has occurred in 
offspring of founder mice carrying MT or albumin fusion genes (F. Chisari, 
personal communication). 

Microinjected DNA is clearly subject to de novo methylation (79), and 
considerable data implicate DNA hypermethylation with gene inactivity. 
Thus, DNA methylation is a reasonable candidate to explain the variable 
expression among founder animals and among their offspring. However, the 
analysis has generally been complicated by the fact that most mice have 
multiple integrants, which makes it almost impossible to know whether the 
changes in methylation occur in the gene copies being expressed. The analysis 
of methylation and gene expression is much clearer in the case of single-copy 
retroviral integrants. In mice bearing MuLV retroviruses DNA methylation 
correlates well with lack of viral gene expression (45); furthermore, treatment 
of mice carrying these proviruses with the dmg 5-azacytidine, which in- 
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tcrferes witb normal methylation, can activate the expression of these silent 
viral genomes (43). 

Another type of variability is a consequence of genomic instability. Dele- 
tion of some copies from a large tandem array has been documented (79), and 
a few other transgene rearrangements have occasionally been observed (73) 
Although these rearrangements correlate with changes in activity thev are 
relatively rare. 7 

epistatic effects of joining diverse dna segments Only fragmen- 
tary information exists on how promoters, enhancers, silencers, matrix attach- 
ment sites, topoisomerase-binding sites, and origins of DNA replication (to 
name a few candidates) may be involved in regulation of transcription. It is 
therefore not surprising that when diverse DNA elements are combined and 
introduced into a developing organism, gene expression may occasionally be 
perturbed in unexpected ways. For example, when the MT-bGH gene was 
juxtaposed in an opposite transcriptional orientation to that of a human 
0-globin gene, no human 0-globin expression was observed in erythroid cells; 
when the 0-globin was excised and tested on its own, however, levels of 
expression approaching that of the endogenous /J-globin gene were observed 
(108). MT-hGH expression was not observed in erythroid cells either but it 
was unusually low in the liver and high in intestine (108). These observations 
suggest that the neighboring MT-hGH gene in some way suppressed human 
0-globin gene expression. These inhibitory effects could relate to the binding 
of specific regulatory proteins to the neighboring sequences, or they might 
reflect nonspecific inhibition comparable to that observed with plasmid DNA. 

Another apparent epistatic effect involves the inhibitory effect of juxtapos- 
ing the elastase enhancer with the MT promoter of an MT-hGH gene. In most 
mice with this construct a large amount of hGH mRNA is produced in the 
pancreas, but none in tissues where the MT promoter usually functions well. 
Consequently, the mice failed to grow larger than normal. The elastase 
enhancer appears to have an inhibitory effect on MT promoter function in the 
nonpancreatic tissues. Curiously, in two lines of mice this inhibition was not 
fully established in founders, but was established in the next generation. 

A striking example of genetic interaction is the novel expression of MT- 
rGH and MT-hGH genes in a specific set of neuronal cells that do not 
normally express cither MT or GH genes (106). Perhaps in some cases 
tissue-specificity is determined by multiple enhancerlike elements acting in a 
combinatorial fashion, and combining elements from one gene with those 
from another one may produce novel combinations that specify expression in 
unpredicted cell types. This phenomenon is not likely to be due to positional 
effects because many different founder mice, presumably with different 
integration sites, show expression in the same set of neurons. Similarly, 



BROM BIOMEDICAL INFORMATION SERVICE 



(TUE) 3* 26' 02 1 0 : 28/ST. 1 0 : 1 7/NO. 486264 t 32 3 P 25 



TRANSGENIC MICE 485 

MT-somatostatin genes are frequently expressed in the gonadotroph cells of 
the pituitary, where neither gene is normally expressed (60). 

PHYSIOLOGICAL CONSEQUENCES OF TRANSGENE 
EXPRESSION 

By using fusion genes the expression of genes coding for regulatory proteins 
may be redirected to novel cell types. By redirecting expression of secreted 
proteins to large organs such as the liver, the amount of circulating protein 
may be tremendously increased. In addition, the expression of a gene can be 
divorced from normal feedback control mechanisms. The ability to amplify 
the expression of a product or to express it prematurely as well as to redirect it 
to heterologous cell types has many potential applications for dissecting 
aspects of complex systems not amenable to analysis in vitro. 

Growth Control 

The growth of mammals is under complex genetic and hormonal control. The 
cascade of hormones starts with the neuropeptides, somatostatin and growth- 
hormone releasing factor (GRF), which inhibit or stimulate, respectively, 
synthesis of growth hormone (GH) by the somatotroph cells in the anterior 
pituitary. GH binds to receptors in the liver where it stimulates the production 
of insulinlike growth factor-I (IGF-I, also called somatomedin C), which is 
thought to stimulate cellular proliferation. Each of the structural genes in this 
cascade has been put under control of heterologous promoters (usually MT) to 
allow elevated and chronic production of each of these polypeptide hormones. 
The most obvious effect of excess production of rat, bovine, or human GH is 
a stimulation of growth that commences at about 3 weeks and plateaus at 
about 12 weeks when the mice are as much as twice their normal size (77, 
82). Similarly, production of excess human GRF stimulates the somatotroph 
cells to produce excess GH which then elevates IGF-I mRNA and stimulates 
growth (31; our unpublished observations). Experiments are currently under- 
way to assess the, effects of excess production of IGF-I driven off MT-I or 
albumin promoters. Ectopic production of somatostatin has not revealed any 
effects on growth; however, in this case the processing of the precursor 
polypeptide was abnormal in most tissues (59). 

In addition to its effects on growth, ectopic production of GH affects other 
physiological processes. Chronic production of GH feedback inhibits 
endogenous GH synthesis, and the somatotroph cells of the pituitary are 
undetectable by standard histological procedures (82). GH also impinges t)n 
the sexual differentiation of the liver. The mRNA for the major urinary 
protein (MUP), which is normally the most abundant mRNA in the liver of 
males, is suppressed to very low levels in transgenic mice expressing GH 
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chronically (71). Other physiological consequences of ectopic GH production 
include inhibition of fertility in females (but not males), signs of premature 
aging, and increased efficiency of utilizing feed (our unpublished observa- 
tions). 

When GRF is expressed ectopically, it not only chronically enhances GH 
synthesis but also leads to hypertrophy and proliferation of somatotroph cells 
to such an extent that total DNA content of the pituitary increases about 5-fold 
and total mass increases almost 15-fold (30). Thus, GRF acts as a specific 
growth factor for somatotroph cells as well as a regulator of GH gene 
expression and GH secretion. 

Growth of mice is stunted when they harbor foreign dihydrofolate reductase 
genes (23a). In addition to this curious growth defect, these mice manifest 
reduced fertility, pigmentation changes, and skeletal defects. These defects 
are transmitted as dominant traits in several transgenic lines and are presum- 
ably due to aberrations in folate metabolism. 

Cancer 

Several oncogene constructs have been introduced into mice that elicit 
tumorigenic or other pathological changes; the data are summarized in Table 
4. Mice that harbor the SV40 enhancers and early region (coding for large and 
small T-antigens) reproducibly develop choroid plexus tumors (10, 80, 95). 
These tumors are derived from the epithelial (ependymal) cells that line the 
ventricles of the brain. Choroid plexus tumors also develop when only an 
intact large T-antigen can be expressed; in addition, expression of a mutant 
form of T-antigen that fails to localize in the nucleus (due to an amino acid 
change in the nuclear transport sequence) is tumorigenic (our unpublished 
observations). However, deletion of the SV40 enhancers reduces the in- 
cidence of tumorigenesis, and those tumors that do develop are rarely of 
choroid plexus origin. We discovered quite fortuitously that when an 
enhancerless SV40 T-antigen gene is juxtaposed to an MT-hGH gene, 
transgenic mice frequently develop peripheral neuropathy (apparently due to a 
defect in myelination by the Schwann cells) as well as hepatocellular carcino- 
mas and insulinomas (transformation of pancreatic p cells). This redirection 
of SV40 T-antigen expression to Schwann cells, hepatic cells, and /3 cells is 
thought to reflect the action of enhancerlike elements in the MT-hGH gene 
when the SV40 enhancers are removed (69, 80). Neuropathy is also observed 
in transgenic mice bearing the early region of the human JC papovavirus. 
These mice manifest hyporayelination in the brain and spinal cord and exhibit 
a shaking disorder similar to mutant jimpy and quaking mice (95a). 

Fusion of the promoter/enhancer region of various tissue-specific genes to 
SV40 T-antigen has lead to tumorigenesis in the cell type specified by the 
enhancer. For example, the promoter/enhancer region from the insulin gene 
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Table 4 Expression of transforming genes in transgenic mice 



lnmsgcuc 


Site of nathnlnpv 


Reference* 


SV40 early region 


Choroid plexus 


(10, 80, 95) 


SV40 large T-antigcn 


Choroid plexus 


(80) 


MThGH-SV40(4 enhancer) 


Hepatocytes, pancreatic 






/3 cells, & Schwann cells 


(69, 80) 


Insulin/SV40 early region 


Pancreatic jS cells 


(35) 


Elastase/SV40 early region . 


Pancreatic acinar cells 


(73) 


Albumin/SV40 early region 


Hepatocytes 


(a) 


bGH/SV40 early region 


Pituitary Somatotroph cells7) 


(a) 


Prolactin/SV40 early region 


Pituitary (lactotroph cells) 


(b) 


Crystallin/SV40 early region 


Lens 


(c) 


Adeno E1A/SV40 early region 


Glial cells 


(d) 


a-Glycotropin/SV40 early 


Pituitary 


(c) 


GRF/SV40 early region 


Thymus 


(f) 


Elastase/c-Ha-roi (EJ) 


Pancreatic acinar cells 


(a) 


MMTV/c-myr 


Mammary epithelial cells 


(97) 


LTR/c-mjc 


Thymocytes 


(1) 


SV40/c-myc 


Lymphocytes, renal cells & 






fibroblasts 


(1) 




Pre-B and B-cells 


(1) 


Ig(K)/c-myc 


B-cells 


(1) 


Papilloma virus (bovine) 


Skin fibropapilloma 


(8) 



♦Unpublished observations: (a) ours, (b) G. Rosenfeld, <c) H. Westpoal, (d) F. KeUy, (e) P. 
Mellon & D. Hanahan, (0 D. Hanahan, (g) F. Botteri, H. van der Putten & R. Evans. 

■Unpublished observations: (a) ours, (b) G. Rosenfeld, (c) H. Westphal, (d) F. Kelly, (e) P. 
Mellon & D. Hanahan, (0 F. Botteri, H. van dcr Putten & R. Evans; (g) A.-C. Andres, C.-A. 
Scbonenberger, B. Groner, L. Hennighausen, M. LeMeur & P. Gerlinger. 



directs tumors exclusively to the /3 cells of the pancreatic islets (35), whereas 
the promoter/enhancer region of the elastase-1 gene directs tumors to the 
acinar cells of the pancreas (73). In similar experiments, tumorigenesis has 
been directed to lactotroph cells, somatotroph cells, and lens; see Table 4 for 
other examples. 

In another set of experiments, the c-myc gene was fused in a variety of 
ways to the long terminal repeat (LTR) of the mouse mammary tumor virus 
(MMTV). Transgenic females in one line characteristically developed mam- 
mary carcinomas during their second or third pregnancy (97). In another line, 
the mice developed testicular and lymphocytic tumors, in addition to breast 
tumors (53a, 97). However, in both lines tumors never developed in some 
tissues, e.g. the pancreas and salivary gland where MMTV -my c was ex- 
pressed. Injection of constructs in which the c-myc gene was associated with 
enhancers from immunoglobulin heavy-chain or light-chain genes resulted in 

transgenic mice that develop pre-B or B-cell lymphomas (1). 
In all of these cases, the tumors developed after the mice were several 
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months old; the evidence suggests that the tumors were clonal in origin. In 
some cases, immunological evidence shows that the transforming genes are 
expressed in all of the cells appropriate for that enhancer (35; our unpublished 
observations). In one elastase-SV40 line the T- antigen genes are not apparent- 
ly expressed in all of the acinar cells, but become activated in a few cells that 
then expand clonally (73). Tumors usually develop earlier in those lines of 
mice where all of the cells express the T-antigen gene. Expression of these 
transforming genes increases the probability of transformation (in many cases 
to nearly 100%, but expression alone is apparently insufficient for tumor- 
igenesis. In these experimental systems, tumorigenesis appears to depend on 
other genetic events in addition to T-antigen (or c-myc) expression. The 
relatively late onset of these tumors has the advantage that one can usually 
develop lines of mice in which tumorigenesis is inherited as a dominant trait. 
These lines will provide a rich source of material for investigating the events 
associated with oncogenesis. 

Another useful aspect of these experiments is that one may be able to 
develop transformed cell lines that retain differentiated functions. Cell lines 
that continue to express low levels of elastase or prolactin have been es- 
tablished from tumors of appropriate transgenic mice (73, G. Rosenfeld, 
personal communication). 

In contrast to the previous examples, when an oncogenic form of human 
cHa ~ras (with a glycine-to-valine substitution at amino acid 12) was fused to 
the elastase-I enhancer/promoter , transgenic mice were born with pancreatic 
neoplasms and died several days later. In this case, all of the differentiating 
pancreatic acinar cells become transformed within a day or so of their 
appearance during fetal development. Hence, expression of this oncogene 
within differentiating pancreatic acinar cells appears sufficient to transform 
these cells and promote tumorigenesis. Control mice bearing the normal 
human c-Ha-ra$ proto-oncogene have not developed tumors, although the 
level of gene expression is comparable to that of the mutant form (our 
unpublished observations). 

See reference 35a for a more extensive discussion of oncogenesis in 
transgenic mice. 

Immunoglobulin Gene Rearrangement 

When functionally rearranged immunoglobulin genes are introduced into 
mice, they are expressed in a cell-specific manner and at appropriate de- 
velopmental times, i.e. Ig k light-chain genes are expressed exclusively in 
B-cells whereas Ig /jl heavy-chain genes are expressed in pre-B, B- and 

T-cells. B-cells normally produce only one functional immunoglobulin, 

although they have the potential to produce several. This finding suggests that 
a mechanism exists to prevent further rearrangement once a functional anti- 
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body has been produced. Thus, one might anticipate that introduction of a 
functionally rearranged immunoglobulin gene might affect the rearrangement 
process. Three groups have investigated this question. Expression of a Ig ft 
heavy-chain transgene inhibits the rearrangement of endogenous Ig /x genes, 
and expression of a functional Ig k light-chain transgene, along with the 
endogenous heavy -chain gene (but not alone), inhibits the rearrangement of 
endogenous Ig k genes (86, 118). In mice where the transgene was not 
expressed or where the level of expression was low, the endogenous genes did 
rearrange (86, 89, 118). These data support the idea that production of a 
functional immunoglobulin is an important signal that terminates further 
rearrangement of the immunoglobulin genes. Complex abnormalities in im- 
mune repertoire generation have also been observed in mice bearing function- 
al heavy- and light-chain transgenes (1 19). These observations emphasize that 
the control of antibody gene rearrangement and expression is complex. More 
extensive reviews of these results have appeared (2, 100). 

CORRECTION OF GENETIC DEFECTS 

The ability to introduce functional genes into the germ line of animals 
suggests the possibility of using this technique to correct genetic defects. : 
However, in the absence of techniques to target genes efficiently by 
homologous recombination, it is only possible to introduce a functional gene, 
not to replace a mutant gene with a normal one. Therefore, in subsequent 
generations the mutant and functional genes segregate independently. Never- 
theless, two examples of this sort of experiment have been published. 

In the first example, an MT-rGH gene was introduced into an inbred line of 
dwarf mice, carrying the mutation little. The primary genetic defect in these 
mice appears to be a defect in GRF receptors; consequently the somatotroph 
cells cannot be stimulated to produce adequate amounts of GH. However, 
little mice respond to exogenous GH, which stimulates their growth and 
corrects male infertility. Several transgenic lines of little were produced that 
expressed the MT-rGH gene in the liver, and they grew to about three times 
the size of their little litter mates (35). In addition, male fertility was restored. 
However, females manifested reduced fertility, as was observed in all previ- 
ous transgenic mice expressing rat or human GH genes (30). 

In the second example, a genetic defect in an immune response was 
corrected. The immune-response genes of the major histocompatibility gene 
complex encode class II molecules, heterodimeric membrane proteins of A 
(Act and AjS chains) and E (Ea and E£ chains) types. Foreign antigens are 
presented to T<ells in association with these class II proteins on the surface of 
macrophages and B-cells. Thus, a deficiency in these class II genes can 
restrict the ability of macrophages to present certain antigens. Indeed, mice of 
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the H-2 S and H-2 b haplotypes have a deletion that removes the promoter and 
first exon of the Ea gene. Consequently they do not transcribe Ea mRNA. 
The E/3 gene product is also deficient because it cannot assemble properly in 
the absence of Ea. Three groups introduced a functional copy of the Ea gene 
into transgenic mice harboring this deletion, and in each case they were able 
to correct the immune-response deficiency (54, 85, 124). The Ea protein was 
synthesized and functionally complexed with the E/3 protein on the mem- 
brane. Unlike the original mutant mice, the transgenic mice were able to 
present the synthetic antigen, poly (glutamic acid, lysine, phenylalanine) to 
T-ceUs. As mentioned earlier, these Ea transgenes were regulated by y- 
interferon in macrophages. One curious observation is that males failed to 
transmit the transgene to offspring when it contained about 30 kb of 5' 
flanking sequence (85) but transmitted it normally when a smaller fragment 
containing only the Ea gene was present (54). Females transmitted both genes 
normally, suggesting that some sequences (genes?) within the upstream re- 
gion may have a deleterious effect on spermatogenesis. 

ENSERTIONAL MUTAGENESIS 

The site at which the foreign DNA inserts into the host chromosome is 
probably random, although there may be some bias, e.g. foreign DNA may 
integrate preferentially into "open" chromatin. One can anticipate that the 
foreign DNA would occasionally disrupt the function of an endogenous gene 
or possibly activate a gene by providing an enhancer/promoter, thereby 
producing recessive or dominant mutations. Most insertional mutations are 
probably recessive, and hence would be found only upon inbreeding of 
transgenic offspring. Table 5 lists 1 1 examples of recessive insertional muta- 
tions revealed by inbreeding 153 transgenic mice produced by microinjection 
or retroviral infection. Thus, the overall frequency of insertional mutation 
appears to be about 7%; this number is undoubtedly an underestimate because 
some recessive mutations may have subtle phenotypes, and some dominant 
mutations are probably lost because they cause embryonic lethality. The 
frequency of insertional mutation appears to be higher with the microinjection 
technique than with retroviral insertion; this difference might result from the 
fact that large regions of chromosomal DNA may be deleted or duplicated 
during integration of microinjected DNA (see below), whereas retroviruses 
insert cleanly, with only a few base pairs of host DNA duplicated at the site of 
integration. The method of microinjection may also influence the mutation 
frequency. 

Eigljt of the insertional mutations cause embryonic lethality, but only in the 

case of Mov-13 (which is due to a retroviral insert) has the endogenous gene 
been identified. The retroviral insert and flanking DNA from Mov-13 mice 



5BOM 3tOM?D!CAL I ^FORMAT I -ON SERVI-CE 



(TUE! 3. 26' 02 10: 31/ST. 10 : 17/NO. 4662641 323 P 3 

TRANSGENIC MICE 491 



Table 5 Incidence of insertional mutation 



Number of TM 
bied to homo- 
zygosity" 



Number of homozygote 
TM with genetic defects 
due to insertional 
mutation 



Number of failures to 
develop homozygous 

lines due to 
insertional mutation 



Reference 



31 00 
■ 1 00 
2 00 
17 00 
9 00 
9 00 

4 00 

5 00 
4 0*) 

20 00 
40 (r) 
0(r*) 
Total 
142 



0 
0 
0 
0 
0 
0 
0 
0 

|b iy fp-N 

0 
0 



0 (0 

0 010) 

l e line 4 (63) 

l e HB58 (g) 

1* line 106 (h) 

l c CV4 (94) 
2 e HUGH/3, HUGH/4 (113) 

l d MyK-103 (83) 

0 (123) 

0 (74) 

l c Mov-34 (i) 

l e Mov-13 (41,91) 



Transgenic mice (TM) were produced either by microinjection (ji) of DNA into pronuclei of 
fertilized eggs or by retroviral infection of preimplantation (r) or posuropiantanon (r*) embryos. 

limb deformity. 

'Recessive embryonic lethal. 
. ''Defect in spermatogenesis. 

•Emniyonic lethal; insert in ol(I) collagen gene. 

•Unpublished data obtained from: D. Hanahan (8 lines), J. Jami (1 line), C. Lo (2 lines). S. Ross {* 
lines), K. Raphael (1 line), E. Wagner (7 lines). F. Chisari (7 lines). Meisler (1 line). 
*F. Costantmi, unpublished daia. 
b M. LeMeur. unpublished data. 
'P. Soriano & R. Janeisch, unpublished data. 

were isolated from a lambda library. Unique probes from the flanking DNA 
identified abundant 5.2- and 6.5-kb transcripts present in fibroblasts, but not 
in epithelial or lymphoid cells. These, and a few other clues, suggested that a 
collagen gene was affected (91). Sequence analysis showed that the retroviral 
DNA inserted into the first intron of the al(I) collagen gene (41). Mice 
homozygous for this insert arrest around day 12 of development owing to 
progressive necrosis of erythropoietic and mesenchymal cells, followed by 
rupture of major blood vessels (57). Curiously, the collagen gene carrying the 
insert is not transcribed even though the promoter is apparently intact, perhaps 
because the promoter region is extensively methylated at times when the 
normal collagen gene promoter is not (37). Previous work showed that 
retroviral genomes tend to be heavily methylated and inactivated when they 
are introduced into preimplantation embryos (45, 46); these data suggest that 
the flanking DNA may be subject to this methylation phenomenon as well. 
One insertional mutation (called line 4) disrupts development prior to 



FROM BIOMEDICAL INFORMATION SERVICE 



(TUE) 3. 26' 02 1 0 : 32/ST. 1 0 : 1 7/NO. 4862«41 323 P 



•492 PALMITER & BRINSTER 

implantation; at approximately day 5 (63); all of the other embryonic lethals 
analyzed in any detail disrupt development after implantation. In none of 
these cases has the insertion or preinsertion DNA been isolated; thus, the 
nature of the genes affected is unknown. 

Two of the insertional mutations affect limb development. One, designated 
ld Hd , arose in a line of mice bearing MMTV-myc genes; in homozygotes the 
radius and ulna of the forelimb, and tibia and fibula of the hindlimb, arc 
fused. In addition, many of the bones in the feet are fused or missing (123). 
The transgene and adjoining DNA sequences have been cloned, revealing that 
approximately one kilobase of DNA was deleted during the integration event. 
Unique probes from the flanking region were used to show that this insertion 
lies on chromosome 2 and that it is allelic to two previously identified 
mutations affecting limb development. These probes should ultimately allow 
characterization of the normal gene and its protein product. The other limb 
deformity, sy fp N , appears to be less severe (74). 

Another insertional mutation affecting adults is designated MyK-103; the 
foreign DNA insert (which includes an inverted repeat of an MT-TK gene) is 
transmitted normally by females but never by males. The males are fertile and 
sire litters of normal size. These observations suggest that sperm carrying the 
insert are infertile. Hence, we proposed that the insert disrupts a gene that 
must be expressed postmeiotically in developing sperm (83). The insert has 
been mapped to chromosome 6. The foreign DNA insert with >15 kb of 
flanking mouse DNA from each junction, as well as the normal allele, have 
been isolated; approximately 5 kb of mouse DNA was duplicated at the site of 
integration (our unpublished observations). Hybridization of unique DNA 
probes isolated from the flanking mouse DNA to Northern blots has not yet 
revealed any RNA transcripts from testis or several other tissues. Thus, we 
have not been able to identify the gene presumably disrupted in the MyK-103 
mice. 

PROSPECTS 

Transgenic animals will continue to provide valuable opportunities for 
addressing fundamental questions of developmental gene expression, immune 
surveillance, neurobiology, and oncogenesis. Considering the rate at which 
new genes are being isolated and their controlling elements defined, it seems 
inevitable that there will be a tremendous increase in the generation of 
transgenic animals to study these questions. Some important areas for future 
experiments are noted below: 

1 . Improvements in the efficiency and ease of introducing genes into the 
germ line of animals. 
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2. Development of a simple means of introducing single copies of genes but 
without the limitations of current retroviral vectors. 

3. Discovery of methods for insulating transgenes from the effects of neigh- 
boring chromatin. 

4. Development of techniques for homologous recombination, so that 
endogenous genes can be deleted or replaced. 

5. Improvements in methods for phenotypic inactivation of gene expression 
(e.g. development of effective antisense -constructs). 

6. Development of inducible promoters that will permit experiments in which 
gene expression can be tightly controlled. 

While these are laudable goals, their realization requires extensive ex- 
perimentation. In the meantime, current techniques will undoubtedly be used 
to define in more detail many enhancer (and silencer) sequences, to redirect or 
amplify the expression of genes involved in many physiological processes, to 
isolate important genes (by virtue of insertional tags), and to uncover many 
unsuspected developmental processes. These endeavors, plus the application 
of current techniques to the genetic improvement of farm animals, the produc- 
tion of medically useful products and generation of animal models of human 
genetic disease, bode well lor an exciting era of transgenic research ahead. 
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